Low concentrations of auxin (eg. 10-10 M) do not promote the growth of intact seedling roots of maize (Zea mays L. Bear Hybrid WF 9 x 38). Higher concentrations are inhibitory. When the rootg are pretreated with the ethylene biosynthesis inhibitors, cobalt and aminoethoxyvinylglycine, auxin (10-10 to 10-8 M) strongly promotes their growth. The promotion of growth by auxin in pretreated roots is preceded by enhanced hydrgen ion secretion from the roots. The data indicate that hormone-enhanced hydrogen ion secretion may play a role in the rapid promotion of root growth by auxin. The ability of auxin to promote the growth of intact roots is discussed in relation to the Cholodny/Went hypothesis of hormonal control of root geotropism.
According to the acid growth hypothesis, the rapid promotion of cell elongation by auxin is mediated by hormone-induced acid efflux into the cell wall (10, 17, 18) . There is considerable evidence in favor of this hypothesis, especially as applied to stem tissue (17) . There is less evidence that auxin action on roots is mediated by H+ movement. We have shown that growth-inhibiting concentrations of auxin cause H+ uptake by roots (8) , but evidence that growth-promoting concentrations of auxin can stimulate acid efflux in roots is lacking. Experiments to test such a relationship are difficult to perform, inasmuch as applied auxin does not consistently promote root growth. This is especially true of intact roots (1) where applied auxin either inhibits growth or has no effect, depending on concentration (15) . In auxin-depleted root sections, applied auxin sometimes promotes growth, but the effect is often short-lived or restricted to a very narrow concentration range (5, 16) .
In spite of these difficulties, there is evidence that wall pH plays a role in the control of root growth. Acid pH stimulates the growth of roots (4) , whereas neutral buffers are inhibitory (12) . Also, there is rapid H+ efflux from the elongation zone of intact maize roots (13) , and concentrations of auxin which inhibit root growth, inhibit or reverse this acid efflux (8, 13) .
Recently, Moloney et al. (12) showed that antiauxins promote growth and H+ efflux in apical segments of maize roots. They interpret the data to indicate that antiauxins bring the effective endogenous level of auxin from a supraoptimal to a near optimal value and that this leads to enhanced H+ efflux and growth in a cause-effect relationship.
Studies of auxin promotion of root growth are complicated by the fact that auxin rapidly induces the biosynthesis of ethylene, an inhibitor of root elongation (3, 19) . We recently reported that 1 Supported by National Science Foundation Grant PCM 8103298. auxin in concentrations from 10-10 to 10-8 M promotes elongation in maize roots which have been pretreated with ethylene biosynthesis inhibitors (15) (11) , and, in fact, we find that 10-6 M AVG promotes root growth slightly (15) .
RESULTS
The effect of IAA on the growth of intact roots of maize with and without Co/AVG pretreatment is shown in Figure 1 (also see Ref. 15) . In nonpretreated roots, 10°M IAA has no effect on elongation, whereas higher concentrations are inhibitory. In pretreated roots, ethylene levels are reduced by about 75% (15) and, under these conditions, IAA from 1010 to 10-8 M strongly promotes elongation.
When ethylene accumulation was measured using apical root c The pH of the medium surrounding pretreated root sections to which 10-7 M IAA is added, increases during the first h and then decreases. The first value in the pH shift column indicates the rate of pH rise during the first phase. The second value indicates the rate of pH drop during the second phase. This biphasic pH response is paralleled by a biphasic growth response (see footnote b).
sections held in sealed vials as described under "Materials and Methods," large differences were found in ethylene released from control roots versus roots treated with Co/AVG. After 3 h, the ethylene content (98 + 12 nl/L) ofvials containing control sections was nearly 3 times that of vials containing Co/AVG-treated sections (34 + 5 nl/L).
The effect of a growth-promoting concentration of auxin M) on H+ efflux from Co/AVG-pretreated apical root sections is shown in Figure 2 . IAA at 1010 M causes strong acidification of the medium containing the sections, with a latent period of 4 to 9 min. For purposes of comparison, the effect of 10-M IAA on the growth of pretreated roots is also shown in Figure 2 . The hormone strongly promotes elongation, with a latent period which varies from 8 to 12 min. strong apparent uptake of H+, causing the pH of the medium to increase. This increase in pH of the medium is paralleled by a decrease in the growth rate of intact roots treated with the same concentration of IAA (Fig. 3) . Table I 
DISCUSSION
It is commonly suggested that the difficulty in obtaining promotion of intact root elongation by auxin arises because the internal level of auxin is optimal or supraoptimal so that addition of auxin cannot further stimulate growth. An alternative explanation is that the applied hormone may rapidly induce the synthesis of ethylene, an inhibitor of root elongation (15) . The data presented here and in Mulkey et al. (15) We find that auxin action on the growth of Co/AVG pretreated roots is closely paralleled by effects on H+ efflux or uptake. In pretreated roots, low concentrations of auxin promote both growth and H+ efflux. These observations, together with evidence that acid buffers promote (4) and neutral buffers inhibit root growth (12) , suggest that the rapid action of auxin on roots may be mediated by H+ secretion. This plus the similarity in the latent period of auxin promotion of root (8-12 min) and stem (6-15 min) growth (7), indicates that the hormone may be acting in a similar manner in roots and stems, as proposed by Thimann (21) .
The finding that, under special conditions, auxin can consistently promote the growth of intact roots, does not necessarily conflict with the Cholodny/Went hypothesis of auxin mediation of root geotropism. Roots are not normally exposed to excess cobalt or to AVG, so it may be that a localized increase in auxin concentration within the root normally leads to growth inhibition as assumed by the Cholodny/Went hypothesis. However, the inhibition may arise more from increased ethylene production than from establishment of a supraoptimal concentration of auxin per se. According to this idea, root geotropism would be triggered by movement of auxin to the lower half of the root. The increased concentration of auxin would lead to enhanced ethylene production, resulting in a reduction in the growth rate of the lower cells. This model was proposed earlier by Chadwick and Burg (3) in a study of ethylene and auxin interaction in the growth and geotropism of pea roots. They noted that auxin rapidly induces the formation of ethylene in pea roots and that C02, an ethylene antagonist, impedes their geotropic response. This model was later refuted by Andreae et al. Because of the recent evidence that asymmetric acid efflux plays a role in initiating geotropic curvature in roots (13) , one might speculate that redistribution of auxin, combined with auxin-induced establishment of unequal ethylene levels across the root, mediates the development of the differential acid efflux pattern. This would be consistent with the observations that: (a) low levels of auxin stimulate H+ efflux from roots treated to suppress ethylene biosynthesis; (b) higher levels of auxin inhibit or reverse H+ efflux from roots; (c) asymmetric acid efflux (most intense on the upper surface) precedes geotropic curvature in maize roots (13) , and (d) treatment of roots with acidic solutions accelerates their growth and greatly delays their geotropic response (20) . Asymmetric acid efflux may also mediate shoot geotropism since: (a) auxin stimulates acid efflux from stems (17) , (b) asymmetric acid efflux (most intense on the lower surface) precedes geotropic curvature in shoots (14) , and (c) neutral buffers prevent geotropic curvature in sunflower (Helianthus) hypocotyl segments (23) . It is not clear how ethylene production might be involved in shoot geotropism, if at all. Wheeler and Salisbury (22) found that inhibitors of ethylene biosynthesis delay the geotropic response in stems of Xanthium strumarium L., indicating that ethylene production plays some role in shoot geotropism, at least in this species.
Our results warrant further study of the involvement of ethylene in root and shoot geotropism. In particular, it will be helpful to obtain data on the effects of ethylene and ethylene biosynthesis inhibitors on both the development of asymmetric H efflux patterns and the kinetics of curvature in geo-stimulated roots and shoots.
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